The essential role of zonal flow in the L-H transition and the suppression of turbulence have been studied with a long range correlation technique using Langmuir probe arrays in EAST tokamak. Two toroidally localized probe arrays are used to measure the zonal flow during L-H transition and H-L back transition. The energy ratio of the low frequency zonal flow to the total drift wave turbulence is calculated. During ELM-free H mode, the energy ratio is higher than that in L mode, which reveals the important role of zonal flows in regulating turbulence amplitude in L-H transition.
Introduction
The high-confinement mode (H mode) was first achieved more than 30 years ago in the ASDEX tokamak [1] . Since then, the L-H transition physics remains an outstanding challenge in magnetically confined fusion. ITER and Future burning experiments require H mode operation to achieve economical fusion energy production [2] . The L-H transition requires sufficient auxiliary heating power, this is called the threshold power. The threshold power depends on many factors, such as plasma density, toroidal magnetic field, plasma shape, isotopic plasma composition, etc [3] . The underlying physics behind these factors has not yet been identified. The L-H transition threshold power for ITER and future plasma burning experiments needs a physics-based model for the prediction, which requires a full understanding of the L-H transition and H-L back transition trigger mechanisms [4] .
The characteristic of H mode is that the turbulence level is reduced compared to L mode, a strong radial electric field  E r ( ) shear exists and the ion pressure gradient develops in the plasma edge region [5, 6] . Zonal flows [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] must also be considered in regulating turbulence and triggering the L-H transition. Zonal flows include the low frequency zonal flow (LFZF) and the geodesic acoustic mode (GAM). The zonal flow has toroidal and polidal symmetric structure, finite radial wavenumber, and manifests as electrostatic potential fluctuations, particularly in radial electric fields or  E B r T flows. H-L back transition is also an important research aspect of H mode physics [25] , and displays hysteresis. During H mode period residual turbulence still exists, which affects the profiles and the stability, and can cause an edge localized mode (ELM) burst. The characteristics of toroidally and poloidally symmetric structure of zonal flows result in no cross-field transport. Therefore, the zonal flows can be a reservoir of free energy to regulate ambient turbulence amplitude, which may be beneficial for plasma confinement.
The predator-prey model which describes the relationship between zonal flows and drift wave turbulence is well known [26, 27] . In the model, drift wave turbulence serves as a single energy source for zonal flows. The energy dissipation by zonal flows can regulate drift wave turbulence amplitude. When the system is in stationary state, the zonal flow damping rate determines the energy ratio of the zonal flow, i.e. [27] . Here, W ZF and W total is the zonal flow energy and total energy, respectively; g is the drift wave turbulence growth rate and g damp is the zonal flow damping rate. The model means the smaller the zonal flow damping rate, the higher the energy ratio of the zonal flow, and the energy of the drift wave turbulence will be smaller. From this point of view, the competitive relationship between them may reveal the role of zonal flows in triggering the L-H transition. Based on this idea, we performed experiments to measure their ratio evolution during L-H transition and H-L back transition and try to use the results to understand the dynamics mechanism of L-H transition. In the experiments, Langmuir probe arrays are used at the edge of plasma regions to measure various plasma parameters, which have been widely utilized to effectively study zonal flow [16-20, 22, 23] . This paper is organized as follows. Experimental setup and conditions are presented in section 2. Analysis and discussions are shown in section 3. Section 4 is the summary.
Experimental setup and conditions
The experiments were performed in Experimental Advanced Superconducting Tokamak (EAST) with R 0 =1.87 m and a=0.45 m. During the 2010 experimental campaign, two fast reciprocating probe systems [28] were assembled on ports A and E in the middle plane of the EAST, and the toroidal angle between them was 89 degrees. The probe arrangements can be seen in figure 1 . Two poloidally localized radial rake probe systems, with a poloidal distance of 6.5 cm, were mounted on port A, the radial distance between each tip was 0.5 cm, and the height of each tip was 0.2 cm, and all probe tips were used to measure the plasma floating potential. On port E, two poloidally localized probe systems were used. The radial rake probe was the same as the one on port A. Another newly-designed probe system had two stages. In the first stage there were five probe tips, three of which were poloidally localized with a 0.5 cm distance between them, and the floating potential was measured. The remaining two poloidally localized probe tips were used as a double probe array to measure the electron density and temperature. In the second stage, two toroidally localized probes were used as a Mach probe, which estimates the toroidal velocity of plasma flow by measuring the upstream and downstream ion saturated current.
During the 2012 experimental campaign, we mounted only one probe array system on each port to minimize the effect of the probe systems on plasma discharge. On port A, we used the redesigned probe system, shown in figure 2. Two sets of standard four-tip probes and a Mach probe were mounted on the first and second stage. Benefit from this design, the probe system can measure the radial electric field, the toroidal rotation velocity and the pressure gradient. On port E, we used a standard four-tip probe to obtain the long distance correlation features with the probe on port A. This is a small probe system, so its effect on plasma discharge is small. In this work, we used just the floating potential, which is mostly inside the LCFS, to calculate the energy of the zonal flow. The sampling rate of the data acquisition system was 1 MHz, and the probe array can measure turbulence up to 100 kHz.
Experimental results and discussions
We caught the H-L back transition in the 2010 experimental campaign. The shot, No. 36458, was just after the lithiation, and the wall was very clean, so the L-H transition power threshold was greatly reduced. The magnetic field strength at magnetic axis was 2 T and the plasma current was 600 kA. The injected LHCD heating power was 1 MW. The safety factor at the magnetic flux surface of 95% was
which is quite small. The shot discharge parameter evolutions are shown in figures 3(a) to (e). The shot experiences several L-H transitions and H-L back transitions owing to the marginal heating power. From the Dα signal, we can see that L-H transition occurs with the Dα signal dropping rapidly, and the average electron density raises continually. Then the Dα maintains at a very low level, which indicates very low recycling, and the plasma stored energy increases. After some time, ELM bursts, the frequency of ELM increases and the amplitude decreases. The behavior of the lower outer divertor ion saturation current coincides with the Dα signal on the middle plane. While ELM bursts continue, the plasma undergoes H-L back transition, the density and plasma stored energy starts to drop.
The magnetic configuration started to change from double null (DN) at 3.0 s to LSN at 3.5 s. LSN is the favorable magnetic configuration for the L-H transition, wherein the B B direction was towards the active X-point and L-H transition power threshold is low. We can see that L-H transition occurs when the magnetic configuration is changing from DN to LSN. The probes were punched into the last closed flux surface (LCFS) when the plasma was heated to H-mode and were kept in the plasma from 3.7 s to 3.855 s. This is the main research period, which is also the shadow region of figures 3(a) to (e). During this period, the plasma experienced H-L back transition. From 3.70 s to 3.755 s, it was ELM-free H mode period, from 3.755 s to 3.805 s, it was ELMy H mode period, and from 3.805 s to 3.855 s, it was L mode period. The frequency of ELM was quite high, about 300 Hz, and the amplitude was small, the energy loss caused by per ELM was less than 5% of the total plasma stored energy, so it belongs to type III ELM. After the ELM period, a possible I-phase state appeared before the plasma returned to the L-mode.
Figures 3(g) and (h) show the time evolution of the plasma floating potential during H-L back transition. During the ELM-free H mode period, the plasma floating potential is around −140 V, and the probe location is inside the LCFS at approximately 2.5 cm. We get the profile of the plasma floating potential and the radial electric field during the H mode period, and this result is shown in figure 4 . The maximum radial electric field is larger than −8 kV m −1 . When H-L back transition occurs, the plasma floating potential quickly decreases to less than −120 V.
From figure 3 , it is obvious that the fluctuations in plasma floating potential are different during different discharge periods. The power spectrum density of the plasma floating potential during ELM-free H mode and L mode period is compared and shown in figure 5(a) . The radial positions are the same for the two periods. The power of the high frequency part during the ELM-free H mode period is far less than that during the L mode period, while the power of the low frequency part increases quickly during the ELM-free H mode period; this is beneficial for the plasma confinement. The low frequency part seems to be the low frequency zonal flows.
To identify the mode structure of the low frequency part, we used two toroidally localized probes and two poloidally localized probes for the correlation. The ensemble average for the correlation is 50 ms, and figures 5(b) and (c) show the results. From the coherence spectrum, the toroidal and poloidal coherence is above 0.8 during ELM-free H mode period for the low frequency part not more than 5 kHz, much higher than the toroidal coherence during L mode period which is about 0.4 in the same frequency range. From the cross phase spectrum, the toroidal and poloidal cross phase is close to 0 during H mode, also the toroidal cross phase during L mode is close to 0 for the low frequency part not more than 5 kHz, this means the toroidal and poloidal mode number of the low frequency part is n=m=0.
To clearly view the evolution of the coherence coefficient we performed the time-frequency analysis, and the result is shown in figure 6 . From the evolution of the coherence coefficient, we can see that during ELM-free H mode period, the toroidal correlation coefficient of the low frequency part is very high, especially from 1 kHz to 5 kHz. When the plasma enters the ELMy H mode period and subsequent L mode period, the toroidal correlation coefficient of the low frequency part is not very obvious. It should be pointed out that during the ELMy H mode period, ELM frequency plays an important role. The local wavenumber-frequency spectrum S k f r, ( ) that uses the two-point correlation technique [29] can reveal the radial spectral structure of the low frequency part. Figure 7(a) is the contour plot of the conditional wavenumber-frequency spectrum figure 7(a) , we can find that the conditional spectrum is high for the low frequency part not more than 5 kHz. To view the low frequency part more clearly, we plot the conditional wave-number spectrum with frequency from 0 to 1 kHz, shown in figure 7(b) . The averaged wavenumber and wavenumber width estimated from s k f The averaged wavenumber is close to zero but still larger than zero, which means its outward component is a little larger than the inward component. This mode feature is coincident with the LFZF result on HL-2A [19] and the edge plasmas drift wave turbulence model simulation results [30] . As mentioned, the Zonal flow obtains the energy from the ambient turbulence via three-wave nonlinear interaction. Therefore, the nonlinear coupling between Zonal flow and turbulence is a key feature of Zonal flow, which is often used to verify Zonal flows from turbulence [17] [18] [19] [20] . The summed bicoherence Sb , 2 which denotes the nonlinear interaction between high frequency turbulence and low frequency parts, are compared in L mode and ELM-free H mode periods and shown in figure 8 . The summed bicoherence of low frequency part (<5 kHz) is much higher than the noise level during ELM-free H mode period, although the high frequency fluctuation energy is very small. In contrast, the summed bicoherence of low frequency part is only slightly higher than the noise level in L mode. It reflects there is strong nonlinear coupling for low frequency components. Meanwhile, this evidence shows the low frequency mode is not mean flow, which has no nonlinear coupling with ambient turbulence. Stated thus, the results of the toroidal and poloidal symmetry characteristics, the finite radial wavenumber and the high nonlinear interaction reveal the low frequency coherent component is the low frequency zonal flow and therefore we call the low frequency coherent part as LFZF in the rest of the paper.
We then calculated the powers of the LFZF and the total fluctuation energy during L-H transition and H-L back transition. The power of LFZF is deduced from long-range toroidal correlation to minimize the effect of low frequency turbulence with small wavenumber. We summed up the low frequency parts (not more than 5 kHz) of the toroidal crosspower spectrum, i.e.,
is the coefficient of coherence between two potentials departed toroidally in 90 degrees, while for the total fluctuation energy we summed up all frequencies (not more than the Nyquist frequency which is 500 kHz), i.e.,
( ) The low frequency energy and total fluctuation energy are shown in figure 9 (e). Figure 9 also shows the Dα signal, the line averaged electron density and the center electron temperature, the plasma stored energy and the two plasma floating potentials measured with toroidally localized probe systems. With these additional signals, L-mode and H-mode periods can be easily recognized in the discharge. It can be seen that the total fluctuation energy, during the ELM-free H mode period, is very high; when the ELM bursts, it begins to drop; then when it reaches the L mode period, it increases again, and is higher than the ELMfree H mode period.
After obtaining this two-part energy, the power ratio of the LFZF energy to the total fluctuation energy is calculated, which is shown in figure 9(f) . It can see that during the ELMfree H mode period, the power ratio can be up to 80%. When the ELM bursts, the power ratio gradually becomes small, and during the L mode period, the power ratio can be below 20%. This phenomenon indicates that LFZF plays an important role in H-L back transition.
In addition, we analyzed the other similar shots at the same discharge parameter. We calculated the power ratio of LFZF energy to the total fluctuation energy of shots Nos. 36457 and 36463, in both shots probes caught the ELM-free H mode and ELMy H mode periods. We found similar results: the power ratio of LFZF was as high as 0.6 during ELM-free H mode period, when the ELM burst, the power ratio started to decrease.
In the 2012 experiment campaign, the L-H transition was caught after reducing the size of the whole probe system. Figure 10 shows the discharge parameter for shot No. 40785. The plasma current was 400 kA, the center toroidal magnetic field 1.8 T, and the safety factor at the magnetic flux surface of 95% was = q 4.5.
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The divertor configuration was DN and the L-H transition power threshold is higher than that in shot No. 36458, the auxiliary heating was 0.8 MW low hybrid wave and 0.8 MW ion cyclotron resonance heating. The probe stayed in the plasma from 3.25 s to 3.34 s. During the time the probe did not go deeply into the plasma but just inside the LCFS about 1 cm. We preformed the toroidal correlation for the floating potential and obtained the time evolution of the cross power spectrum, as shown in figure 11(b) . We can see that from 3.25 s to 3.28 s, when the plasma was during L mode period, the cross power spectrum was small. When the plasma entered the I-phase, the low frequency cross power began to grow, and when it finally reached H mode, the low frequency cross power became very high. The low frequency cross powers together with the total energy are shown in figures 11(c) and (d) is the zonal flow energy ratio time evolution. We can see that during L mode period, the power ratio of zonal flow is about 15%; when it finally reaches H mode the ratio can be as high as 40%, which is consistent with the result of H-L back transition. The energy ratio of LFZF to ambient turbulence during ELM-free H mode period in this shot is smaller than shot No. 36458, it may be the reason that the position of the probe was just inside the LCFS 1 cm, and the radial electric field amplitude is smaller than shot No. 36458. Also in this shot the edge safety factor is larger, the damping of LFZF is higher. So far, the energy ratio of zonal flows to ambient turbulence exhibits strong connection with the confinement performance in both L-H transition and H-L back transition experiments. The results support the viewpoint that the zonal flows energy ratio is strongly related to the zonal flow damping in the simple predator-prey model.
From above, we found that our experimental results are not entirely consistent with the simple phenomenological predator-prey model which claims the turbulence should be completely suppressed and zonal flows should consequently disappear in H-mode. Nevertheless, the zonal flow is definitely observed during H-mode period in the experiment. To address this, we introduce Kagan and Catto's theoretical work about zonal flow in the tokamak pedestal [31] . The theory thought that in the tokamak pedestal region, because of the strong radial electric field, neoclassical shielding phenomena disappears, the residual zonal flow is close to one, so the ( ) ( ) [32] is the residual zonal flow fraction. For a common tokamak, the edge safety factor can be high as 3 to 4. For EAST, the inverse aspect ratio e is 1/4, so the residual zonal flow fraction can be 2% to 3% of the initial stage, which is very small. In our experiments, the measurement position is at the foot of pedestal, and the radial electric field during H-mode period at the position reaches −8 kV m −1 , which can be treated as very strong radial electric field compared to L-mode. When considering the strong electric field in the pedestal, the neoclassical shielding becomes small which is beneficial for driving zonal flow.
Summary
Two toroidally localized probe arrays were used to measure the plasma parameter and zonal flow evolution during L-H transition and H-L back transition. The radial electric field during H mode period, deduced from the fast reciprocating probe, can be higher than −8 kV m . The low frequency part's toroidal symmetry is verified by long-range toroidal correlation, and poloidal symmetry is also verified. Its radial wavenumber is slightly larger than zero indicating the outward and inward propagating feature. The nonlinear interaction in the low frequency region is detected using summed bicoherence. In summary, the coherent low frequency mode is believed to be the LFZF. During the ELM-free H mode period, the toroidal coherence in the low frequency region was higher than that in the L mode, which suggests that the energy portion between LFZF and ambient drift-wave turbulence varied. Estimated from the toroidal cross power spectrum, the energy of LFZF, the total fluctuation energy, and the ratio between them are given. The energy ratio results show that the zonal flow energy ratio can be as high as 0.8 during the ELM-free H mode period, much higher than the 0.2 of the L mode period. To obtain L-H transition, we redesigned the probe to make it smaller. The probe did not penetrate deep into the plasma, but just into the LCFS for about 1 cm. We found that the zonal flow energy ratio during the ELM-free H mode period was about 0.4, higher than the 0.15 of the L mode. The results confirm that the damping rate of the zonal flow determines its energy ratio. Meanwhile, the existence of zonal flows can be possibly explained by Kagan and Catto's theoretical work. It suggests that in the tokamak pedestal region, the residual zonal flow may not be seriously suppressed by the neoclassical shielding effect because of the strong radial electric field.
